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We present the first observation of optomechanical coupling in ultra-high Q crystalline whispering-
gallery-mode (WGM) resonators. The high purity of the crystalline material enables optical quality
factors in excess of 1010 and finesse exceeding 106. Simultaneously, mechanical quality factors greater
than 105 are obtained, still limited by clamping losses. Compared to previously demonstrated cylin-
drical resonators, the effective mass of the mechanical modes can be dramatically reduced by the
fabrication of CaF2 microdisc resonators. Optical displacement monitoring at the 10
−18 m/
√
Hz-
level reveals mechanical radial modes at frequencies up to 20 MHz, corresponding to unprecedented
sideband factors (> 100). Together with the weak intrinsic mechanical damping in crystalline mate-
rials, such high sindeband factors render crystalline WGM micro-resonators promising for backaction
evading measurements, resolved sideband cooling or optomechanical normal mode splitting. More-
over, these resonators can operate in a regime where optomechanical Brillouin lasing can become
accessible.
PACS numbers: 42.65.Sf, 42.50.Wk
Optical interferometers with suspended mirrors have
traditionally been key elements in gravitational wave de-
tectors. Implemented at a mesoscopic scale (. 1 cm),
micro- and nano-scale physical systems coupling optical
and mechanical degrees of freedom may allow studying
optomechanical coupling at the quantum level [1, 2]. In
particular, recent experiments have aimed towards the
observation of measurement quantum backaction [4, 5]
and radiation-pressure cooling of a mesoscopic mechan-
ical oscillator to its quantum ground state [6–8]. How-
ever, inevitable coupling of the system to its environment
severely impedes such studies. For example, thermal fluc-
tuations associated with mechanical dissipation mask the
signatures of quantum backaction [3–5], but also con-
stitute a mechanism competing with radiation-pressure
cooling [6–8]. Optical losses, on the other hand, destroy
potential quantum correlations [4], give rise to heating
due to the absorbed photons [6], and preclude reach-
ing the important resolved-sideband regime [9]. Most
of the various optomechanical systems investigated re-
cently are based on amorphous material such as SiO2
[9, 10] or Si3N4 [8, 11, 12]. The absence of microscopic
order makes these materials prone to mechanical losses
due to coupling of strain fields to two-level systems (TLS)
[13, 14], particularly severe at cryogenic temperatures
[15]. Strained Si3N4 oscillators have achieved higher me-
chanical quality factors Qm ≈ 1 × 107, however, optical
finesse (F) has been limited to values below 104 [11, 12],
although the imaginary part of the refractive index can be
lower than 10−5 [12]. Crystalline materials, in contrast,
do not suffer from such restrictions at all. In fact, the
best optical resonators available today are whispering-
gallery mode (WGM) resonators made from CaF2, fea-
turing F up to 107 [16–19]. At the same time, due to
their long range order, crystalline materials are ideally
free from TLS leading to ultra-high mechanical quality
factors. Indeed, remarkably high values up to 4 × 109
have been reported for a 1-MHz bulk crystalline quartz
oscillator at a temperature of 2 K [20].
Here, we combine the generally favorable properties of
monolithic WGM optomechanical systems in terms of
optomechanical coupling strength [21, 22], stability and
cryogenic compatibility [6] with a crystalline material.
Figure 1: a) Transmission on resonance vs. coupling parame-
ter τ0/τex while approaching a tapered fiber to a CaF2 cavity.
The data (blue points) show that ideal coupling behavior (red
line) is possible up to a coupling factor τ0/τex ≈ 8. b) Mea-
surement of the cavity linewidth with calibration peaks at 2
MHz detuning and Lorentzian fit (red line). Inset shows a
diamond-turned resonator made of CaF2. c) Ringdown mea-
surement (blue points) of the same resonator and exponential
fit (red line). The measured lifetime of τcrit = 3.35 µs corre-
sponds to an intrinsic quality factor of Q0 = 1.18× 1010.
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2High-Q mechanical modes are observed in cylinder mi-
croresonators and their motional mass determined. By
shaping thin disk resonators from the same material, ra-
dial breathing modes are observed with sub milli-gram
motional mass. Ultra-long photon storage times κ−1 and
high mechanical frequencies Ωm enable remarkably large
sideband factors Ωm/κ in these systems, up to unprece-
dented values exceeding 100. In Fabry-Perot type cavi-
ties, such sideband factors could only be achieved with
long cavities, resulting in significantly lower optomechan-
ical coupling. The large sideband factors achieved here
are of interest for a variety of experimental schemes, such
as sideband cooling [9], back action evading measure-
ments [23] as well as strong optomechanical coupling [24].
Moreover the demonstrated systems are the first to op-
erate in a novel regime in which mechanical dissipation
can exceed optical dissipation, enabling observation of
optomechanical Brillouin lasing [25].
Following pioneering work [18, 19] we fabricate crys-
talline WGM resonators from purest available CaF2 or
MgF2 raw material. In brief, small cylindrical and
disc preforms were drilled out of crystalline blanks and
mounted onto an air-bearing spindle, which provides ex-
tremely low rotational imprecision (< 100 nm). The pre-
forms were shaped using diamond turning and, to mini-
mize surface scattering, a polishing procedure with dia-
mond abrasive of successively decreasing grit size (down
to an average size of 25 nm) was applied.
As demonstrated below for the first time, highly effi-
cient evanescent coupling to CaF2 and MgF2 resonators
can be achieved by the use of tapered optical fibers. Ta-
pered fibers conveniently provide single-mode input and
output as well as tunable coupling [26]. Depending on
the size of the resonator and the used wavelength, phase
matching is achieved by adjusting the taper waist ra-
dius. For the used CaF2 resonators of radius R = 800
µm and 2 mm, the optimum taper waist corresponds
to 1.15 and 1.25 µm radius, respectively. As an exam-
ple, Fig. 1a shows coupling to a CaF2 resonator of 800
µm radius possessing an intrinsic optical quality factor
Q0 = τ0ω = 1.4 × 109, where τ0 is the intrinsic photon
lifetime and ω the optical carrier frequency. The cou-
pling to the waveguide can be described by the dimen-
sionless parameter τ0/τex, where τ
−1
ex reflects the photon
loss rate due to coupling to the waveguide and the re-
sulting linewidth κ is given by κ = τ−10 + τ
−1
ex . The data
clearly show that critical (τ0 = τex) and strong overcou-
pling up to τ0/τex = 30 are possible, however, coupling
deviates from ideality [26] for τ0/τex > 8. Operation
in the highly overcoupled regime—demonstrated here for
the first time for crystalline resonators—is a key prerequi-
site for e.g sensitive detection of mechanical motion [22],
efficient optical comb generation [27, 28], and is critical
in experiments involving quantum correlations [4].
The resonator quality factor was inferred from
linewidth measurements and cavity ringdown experi-
Figure 2: a) Mechanical mode of a cylindrical cavity mea-
sured free-standing at atmospheric pressure. Blue line are
data, red line a Lorentzian fit. For absolute displacement cal-
ibration, the laser was phase modulated at 857.5 kHz. Inset
shows the typical displacement pattern of a mode in this fre-
quency range. b) The quality factor of the same mechanical
mode measured at low pressure and with optimized clamping
increased to 114,300. Inset illustrates the mounting of the
resonator. It is clamped by four tungsten tips, three sidewise
(red shaded) and one from below.
ments. The linewidth was measured with a scanning
Nd:YAG laser at 1064 nm. In the undercoupled regime
(τex  τ0) the highest measured Q-factor was 1.17×1010.
In addition, the Q-factor was independently measured
using cavity ringdown which is principally insensitive to
thermal effects and not limited by the laser linewidth.
Data from a typical ringdown measurement are shown in
Fig. 1c. The total lifetime τcrit at critical coupling was
in this case 3.35 µs. The corresponding intrinsic cav-
ity Q0 = 1.18 × 1010 is in excellent agreement with the
linewidth measurements and corresponds to an intrinsic
finesse F = 770, 000. The highest value attained in such
a measurement was F = 1.1 million for a CaF2 resonator
of 550 µm in radius, constituting the highest reported
finesse in an optomechanical system to date. Similar val-
ues were measured with MgF2 resonators.
WGM resonators possess inherent optomechanical cou-
pling of the optical mode with structural mechanical reso-
nances which displace the resonator’s boundaries [21, 22].
We studied this ponderomotive interaction in several dif-
ferent resonator geometries made of CaF2 and MgF2.
3We first discuss the results of a typical mm-scale CaF2
cylindrical resonator, 8 mm in height and 2 mm radius,
similar to the geometry of the resonator shown in Fig.
1b. To detect the mechanical modes’ Brownian motion,
a weak beam from a cw Ti:Sapphire laser was coupled
to a WGM using a tapered optical fiber, and locked to
the side of an optical resonance’s fringe. Thermal fluctu-
ations of the cavity radius cause changes in the optical
path-length, which imprint themselves into a modulation
of the power transmitted past the cavity. Spectral anal-
ysis of the transmitted power thus allows extracting the
mechanical frequency and dissipation rate Γm = Ωm/Qm.
Alternatively, to achieve a quantum-limited displacement
sensitivity [22, 29] a phase sensitive polarization spec-
troscopy scheme was used. Using these methods, more
than 20 mechanical modes with frequencies ranging from
ca. 500 kHz to 2 MHz were observed. For a freely stand-
ing cylinder we obtain Qm ∼ 20, 000. In order to re-
duce the influence of clamping losses and gas friction,
the resonator was mounted with four sharp tungsten tips
(apex ≈ 1 µm) and measured in a low pressure environ-
ment (< 10 mbar). As an example a mechanical mode
with an eigenfrequency of 856 kHz is shown in Fig. 2,
at atmospheric and at low pressure (with Qm of 24, 700
and 114, 300, respectively). In this configuration several
modes had Q-factors exceeding 105 with a maximum Qm
of 136,000 at a frequency of 1.1 MHz. Note that this cor-
responds to a Q-frequency product greater than 1011 at
room temperature. Due to the strong dependence of the
measured Qm on the device’s clamping, we expect that
significantly higher Qm can be achieved by optimizing
the clamping.
To fully assess the performance of an optomechani-
cal system, it is also necessary to quantify the optome-
chanical coupling strength, which is usually expressed in
terms of the (mutually dependent) coupling parameter
g0 and effective mass meff . The former indicates the dif-
ferential frequency shift for a given displacement x via
g0 = ∂ω/∂x. In complex three-dimensional structures
such as those employed here, however, the definition of x
(and therefore g0) is indeed arbitrary, a fact that has re-
ceived little attention so far. Physically, the mechanical
modes (enumerated in the following with an index n) are
characterized by a three-dimensional displacement field
~un(~r), which induces a relative optical frequency shift of
δω
ω
≈
∫ | ~E(~r)|2 ~∇ε(~r) · ~u(~r)d3r
2
∫ | ~E(~r)|2 ε(~r)d3r . (1)
in the case of weak index contrast (where field disconti-
nuities are small) [30], where ~u(~r) =
∑
n ~un(~r), and
~E(~r)
and ε(~r) are the electric field and dielectric constant, re-
spectively. For a given choice of g0, the equivalent scalar
displacement can be written as x ≡ δω/g0 = 〈~w, ~u〉 ≡∫
~w(~r) ·~u(~r)d3r, where the weighting function ~w(~r) is in-
troduced such that eq. (1) is satisfied. Note that, as a
consequence, the magnitude of ~w(~r) scales inversely with
g0. The mapping of the displacement vector ~un(~r) to the
scalar x necessitates the introduction of an effective mass
mn for each mode [31, 32]. From the requirement that
the potential energy upon a displacement xn of the n-th
mode is given by Un =
1
2mnΩ
2
nx
2
n it can be shown [32]
that the effective mass is given by
mn =
∫
ρ(~r)|~un(~r)|2d3r
〈~w, ~un〉2 (2)
evidently scaling quadratic in the choice of coupling con-
stant g0 (ρ(~r) is the density). Note that the optomechani-
cal coupling Hamiltonian Hˆint = ~ g0 aˆ†oaˆo xzpf (aˆ†m + aˆm),
where aˆo (aˆ
†
o) and aˆm (aˆ
†
m) are the optical and mechan-
ical annihilation (creation) operators, respectively, is in-
dependent from the choice of g0, as xzpf =
√
~/(2mnΩn).
In the case of WGM optomechanical systems, a natu-
ral choice for the optomechanical coupling is given by
g0 = −ω/R, mapping the displacement fields to an
effective change in the radius of the entire structure.
From room temperature measurements, we can then
experimentally derive the effective mass from the cali-
brated [6] displacement spectra S¯xx(Ω) using the relation
S¯xx(Ωn) = 2kBT/(mnΩ
2
nΓn).
The effective masses measured in this manner on the
cylindrical samples are still comparably high (meff = 50
mg). For optomechanical experiments this value is re-
quired to be substantially reduced. We demonstrate that
the effective mass can be dramatically reduced by fab-
ricating disc shaped crystalline resonators. Indeed, for
a CaF2 resonator of 100 µm thickness and 800 µm ra-
dius, a reduction of over two orders of magnitude in ef-
fective mass is attained and higher optomechanical cou-
pling |g0| = 350 MHz/nm achieved. The magnitude of
the intrinsic optical Q-factor of the disc was 1.4 × 109
and mechanical modes were measured with a Nd:YAG
laser locked to the side of a cavity resonance, which al-
lowed a shot-noise limited displacement sensitivity at the
level of 1 × 10−18m/√Hz above 6 MHz. Below 6 MHz
the sensitivity was limited by classical laser noise, which
was characterized using an independent fiber loop cav-
ity. In a first measurement the CaF2 disc was waxed
on a metal holder that was used in the fabrication pro-
cess. Besides the high-Q modes (Qm up to 15,000), the
most prominent feature in the noise spectrum as shown
in Fig. 3a are three broad Lorentzian peaks which can be
attributed to different orders of radial breathing modes
(RBMs, Qm < 100) with effective masses from 400 µg to
700 µg. Note that in addition to the low mass the fre-
quency of these modes falls in the range > 10 MHz and
therefore provides hereto unprecedented sideband factors
(> 100). To reduce coupling of the RBMs to the environ-
ment, the disc was clamped centrally between two sharp
tungsten tips, which led to a substantial increase of the
Q-factor, most distinct for lower-order RBMs. While for
the 1st order RBM a quality factor of 2, 500 was measured
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Figure 3: a) Noise spectral density of a CaF2 microdisc waxed
on a metal holder (configuration 1), clamped between two
tungsten tips (configuration 2), and a fiber loop cavity (FLC)
measured with a Nd:YAG laser. The disc exhibits several or-
ders of mechanical RBMs up to 20 MHz (second to fourth
order are shown). b) For the case of central clamping, mea-
surement and simulation of first to fourth order RBM fre-
quencies show excellent agreement. The increase in modal
displacement at the support tip for higher order RBMs ex-
plains the measured dependence of Qm on the RBM order
(from Qm = 2500 to Qm = 40). Color code represents radial
displacement (arbitrary units).
in this configuration, it was 300, 70 and 40 for 2nd, 3rd
and 4th order, respectively, limited by clamping losses as
explained below.
To verify the nature of the observed modes we used fi-
nite element modeling (COMSOL Multiphysics). CaF2 is
a cubic crystal and described by three independent elastic
constants. Taking into account the crystalline orientation
(symmetry axis of the resonator parallel to [111]), and ap-
propriate boundary conditions, the mechanical eigenfre-
quencies, mode energies, and stress and strain fields were
inferred from the simulation. Three-dimensional simula-
tions yield very accurate values for the mode frequencies
but also a dense mode spectrum (∼ 20 modes per MHz).
Most of the modes with small masses can already be iden-
tified in a 2-dimensional model exploiting the cylindrical
symmetry of the boundary conditions. For the case of
central clamping between two sharp tips, a stress free
boundary condition was applied and matching of mea-
sured and simulated frequencies of first to fourth order
RBM with an accuracy of better than ±1% was achieved.
The simulated mechanical displacement fields ~un(~r) also
provide a way to numerically estimate the effective mass
of radially symmetric modes: Approximating the weight-
ing function by a circle of radius R, we extract the radial
displacement xn of a given radially symmetric mode at
the rim of the resonator and directly solve for the effec-
tive mass using the mode’s known resonance frequency
and energy Un. Indeed, measured and simulated RBM ef-
fective masses show good agreement (±10%). FEM was
also used to identify modal patterns and the origin of
clamping losses. As stated above, the Q-factor in the
case of central clamping strongly decreases with increas-
ing order of the RBM. With the FEM simulation this
effect can be clearly understood by the rising axial dis-
placement at the central point for higher order RBMs,
which leads to stronger coupling and dissipation to the
environment via the tungsten support tip. FEM simula-
tions can be employed to engineer higher-Q modes and
clamping geometries [10].
In summary, we have for the first time observed
and characterized optomechanical coupling in crystalline
WGM resonators, possessing both high optical and me-
chanical Q-factors. Moreover unprecedented sideband
factors (> 100) are attained, and means to reduce ef-
fective mass and clamping losses demonstrated using a
novel disc shaped resonator. Employing highly efficient
tapered fiber coupling and a shot-noise limited detec-
tion scheme, radial breathing modes with high frequency
(> 10 MHz) are observed. The reported mechanical qual-
ity factors are far from material-limited; as a reference
value Qm = 3 × 108 was measured in CaF2 at a fre-
quency of 40 kHz and 60 K [33]. Nonetheless, the sys-
tems presented here allow the observation of radiation-
pressure induced parametric instability [21] and compare
very favorably to systems suggested to observe optome-
chanically induced quantum correlations [4] exhibiting
a 1000-times higher mass. The strong increase of the
quality factor at low temperatures is in stark contrast
to the universal degradation of Qm in amorphous glass
[14], limiting optomechanical cooling experiments [6, 7].
The resonators can be further miniaturized down to a
few tens of micron using diamond turning [19]. For ex-
ample, a 80 µm-diameter, 10 µm thick CaF2 disc would
possess meff = 90 ng and Ωm = 63 MHz. If Qm = 10
7
can be reached, the power required to cool such a device
from 1.6 K to T = ~ΩmkB is only 100 µW in the resolved-
sideband regime [9]. Heating due to absorbtion is likely
to be totally negligible considering the optical quality of
the crystal.
Beyond cooling, in the regime of the parametric insta-
bility, this system may serve as a low-noise photonic RF
oscillator [34], due to its high Q-factor. The high attained
sideband factor is of interest for a variety of studies, e.g.
back-action evading measurements using a dual pump
[23]. In addition, the regime of strong optomechanical
coupling [24] can be accessed with only moderate cou-
pling rates. The crystalline resonators can also operate
5in the novel regime where despite high mechanical Q-
factor (> 1000) the mechanical dissipation rate Γm can
exceed κ. Pumping the cavity on the upper sideband
would lead to optical gain and eventually the emission of
a Stokes wave at a frequency of ω − Ωm. In this regime,
the analogon of an optomechanical Brillouin laser can be
realized, as recently analyzed [25].
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